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Phylogenetic analysis of Nymphaeales using fast-evolving
and noncoding chloroplast markers
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The Nymphaeales (water-lilies and relatives) represent one of the earliest branching lineages of angiosperms and
comprise about 70 aquatic species. Here, we present a comprehensive study of phylogenetic relationships within the
Nymphaeales from a dataset containing 24 representatives of the order, including all currently recognized genera
and all subgenera of the genus Nymphaea, plus 5 outgroup taxa. Nine different regions of the chloroplast genome —
comprising spacers, group II introns, a group I intron, and a protein coding gene — were analysed. This resulted in
a character matrix of 6597 positions and an additional 369 characters obtained from coded length mutations.
Maximum parsimony and Bayesian analyses of the complete dataset yielded congruent, fully resolved and well-
supported trees. Our data confirm the monophyly of the Cabombaceae but do not provide convincing support for the
monophyly of Nymphaeaceae with respect to Nuphar. Moreover, the genus Nymphaea is inferred to be paraphyletic
with respect to Ondinea, Victoria and Euryale. In fact, the Australian endemic Ondinea forms a highly supported
clade with members of the Australian Nymphaea subgenus Anecphya. In addition, Victoria and Euryale are inferred
to be closely related to a clade comprising all night-blooming water-lilies (Nymphaea subgenera Hydrocallis and
Lotos). An experimental approach showed taxon sampling to be of influence on the nodes reconstructed in core Nym-
phaeaceae. The results underscore that more diverse genera, if not clearly known to be monophyletic, should be rep-
resented by all major lineages. © 2007 The Linnean Society of London, Botanical Journal of the Linnean Society,
2007, 154, 141-163.

ADDITIONAL KEYWORDS: chloroplast DNA — matK — petD intron — phylogenetic utility — rpl16 intron —
taxon sampling — ¢rnK intron — ¢rnL intron — ¢érnL-trnF spacer — trnT-trnL spacer.

INTRODUCTION Cabomba (five species, with C. caroliniana reaching
temperate North America) and the widespread mono-
typic genus Brasenia (e.g. Orgaard, 1991; Williamson
& Schneider, 1993). The Nymphaeaceae (sensu
Schneider & Williamson, 1993; as used throughout
this paper unless noted otherwise) consists of six gen-
era: the monotypic Euryale (East Asia) and Ondinea
(north-west Australia), the neotropical Victoria (two
species), the South-east Asian Barclaya (four species),
the north-temperate Nuphar (eight species in two sec-
tions), and Nymphaea, the largest and most cosmopol-
itan genus (47 species). Traditionally, Nymphaea is
subdivided into five subgenera (e.g. Conard, 1905;
based mostly on Caspary, 1891): the Papuan-
*Corresponding author. E-mail: c.loehne@uni-bonn.de Australian subgenus Anecphya, the neotropical

The basal angiosperm order of Nymphaeales (water-
lilies and their relatives) comprises approximately 70
aquatic species occurring in freshwater habitats all
over the world. Generally, two families, Cabombaceae
and Nymphaeaceae, are recognized; however, these
have been combined into a broadly defined Nymphae-
aceae, which emphasizes their common descent
but ignores their substantial differences, by the
Angiosperm Phylogeny Group (APG II) (2003). The
Cabombaceae comprises the mostly neotropical genus
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subgenus Hydrocallis, the palaeotropical subgenus
Lotos, the pantropical subgenus Brachyceras, and the
north-temperate subgenus Nymphaea.

In earlier taxonomic treatments based on morphol-
ogy or anatomy (e.g. Thorne, 1976; Tamura, 1982; Ito,
1987; Cronquist, 1988), the order Nymphaeales was
circumscribed to include the genera Nelumbo and Cer-
atophyllum. However, broad-scale analyses of molecu-
lar markers (e.g. Chase et al., 1993; Savolainen et al.,
2000) justified the exclusion of Nelumbo and Cerato-
phyllum and substantiated the monophyly of Nym-
phaeales in the sense described above. The re-
evaluation of morphological characters showed the
presence of certain states such as tricolpate pollen
(Nandi, Chase & Endress, 1998) or epicuticular wax
tubules mainly composed of nonacosan-10-ol (Barth-
lott et al., 1996) in Nelumbo and further substantiated
its exclusion from Nymphaeales. As already noted,
contemporary treatments of Nymphaeales favour
recognition of two families (Cabombaceae and
Nymphaeaceae), although further families, such as
Barclayaceae (Li, 1955; Takhtajan, 1987; Cronquist,
1988), Euryalaceae (Li, 1955), or Nupharaceae
(Kerner von Marilaun, 1891; Nakai, 1943; Takhtajan,
1997) have been suggested (see Les, Garvin &
Wimpee, 1991, for a review of taxonomic history).

Molecular and morphological data generally indi-
cate a close relationship of Cabomba and Brasenia,
thus substantiating the monophyly of the family
Cabombaceae (see Williamson & Schneider, 1993).
However, the monophyly of the family Nymphaeaceae
does not gain much support in phylogenetic analyses.
The rbeL study of Les et al. (1991) yielded a bootstrap
support (BS) of 50 and the more recent analyses of
trnT-trnF sequence data by Borsch etal. (2007)
resulted in a jackknife support (JK) of 76 and Baye-
sian posterior probability (PP) of 0.64, respectively. A
recent analysis of basal angiosperm relationships
(Lohne & Borsch, 2005) using petD group II intron
sequences found three major clades within Nymphae-
ales, i.e. Cabombaceae, Nuphar and the remaining
Nymphaeaceae. These changed their relative positions
depending on the combination of data partitions and
tree inference method used. Other studies of basal
angiosperms show Nymphaeaceae as a monophylum
but with low support (75% bootstrap support in Borsch
et al., 2003), or do not even resolve generic relation-
ships (rbcL + atpB +18S; Soltis et al., 2000). Analyses
combining data from all three genomic compartments
(Qiu et al., 1999; Zanis et al., 2002; Qiu et al., 2005)
are usually short in taxon sampling, and comprise
only one species each of Nymphaea, Nuphar, Cabomba
and Brasenia. The hitherto most extensive phyloge-
netic analysis of Nymphaeales was carried out by Les
et al.(1999), and was based on rbcL, matK, 18S rDNA,
as well as a morphological matrix. It included

one representative of each of the eight genera of
Nymphaeales. However, Nymphaeaceae were rooted
with Cabombaceae, thus assuming monophyly of
Nymphaeaceae. Most recently, nuclear ITS sequences
were employed to Nymphaeales phylogeny (Liu et al.,
2005; Podoplelova & Ryzhakov, 2005) but could not
clarify relationships, mainly due to limitations in
taxon and character sampling.

Uncertainties also remain concerning the relation-
ships within Nymphaeaceae. Based on the analysis by
Les et al. (1999) relationships of Nymphaeaceae gen-
era can be hypothesized as: Barclaya (Ondinea (Nym-
phaea (Euryale, Victoria))). However, the sister-group
relationship of Ondinea to a clade consisting of
Nymphaea and Victoria plus Euryale was not convinc-
ingly supported by the molecular data (bootstrap
support = 51) in the above-mentioned study, with the
node being based on three morphological characters
only [Bremer support (BS) = 3]. A very recent molecu-
lar phylogenetic study involving noncoding ¢rnT-trnF
sequences from a much broader sampling of Nym-
phaea species (Borsch et al., 2007) indeed resolved
Ondinea as part of a Nymphaea subgen. Anecphya
clade. Furthermore, Borsch et al. (2007) could not find
convincing support for the monophyly of Nymphaea
with respect to Victoria and Euryale (bootstrap = 69,
PP =0.86). The species of Nymphaea were consis-
tently found in three well-supported clades: a clade
consisting of N. subgenera Anecphya and Brachyceras;
another consisting of N. subgenera Hydrocallis and
Lotos; and a third of N. subgen. Nymphaea that
appeared sister to the other two. The trnT-trnF
dataset of Borsch et al. (2007) further indicated that
the pantropical Nymphaea subgenenus Brachyceras
might be paraphyletic to the Australian subgenus
Anecphya.

In view of these recent results demonstrating the
apparent effects of taxon sampling in Nymphaea, and
considering the unresolved questions about phyloge-
netic relationships in Nymphaeales, we designed a
comprehensive study using a multigene dataset as
well as a more representative taxon sampling covering
all genera of Nymphaeales. In this study, each subge-
nus of Nymphaea is represented by at least two spe-
cies that are most distant in the ¢trnT-trnF tree of
Borsch et al., (2007). We use several fast-evolving
regions of the chloroplast genome to address the phy-
logeny of Nymphaeales. Our dataset comprises a wide
spectrum of structurally different markers: a group I
intron (¢rnL), group II introns (petD, rpll6, trnK),
spacers (petB-petD, trnK-psbA, trnT-trnL, trnL-trnF),
and the matK gene. The phylogenetic utility of these
fast-evolving regions has been substantiated in
numerous studies for the rpl16 intron (e.g. Kelchner &
Clark, 1997; Renner & Chanderbali, 2000; Zhang,
2000), for the trnK-matK region (e.g. Steele & Vilgalys,
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1994; Johnson & Soltis, 1995; Hilu & Liang, 1997;
Hilu et al., 2003; Miiller & Borsch, 2005b), and for the
trnT-trnF region (e.g. Taberlet et al., 1991; Asmussen
& Chase, 2001; Borsch et al., 2003; Sauquet et al.,
2003; Neinhuis et al., 2005). Compared to rather
slowly evolving genomic regions of conserved genes,
rapidly evolving regions provide higher percentages of
variable and informative characters because of higher
overall rates of substitutions. The study of Borsch
et al. (2003) on ¢rnT-trnF indicated that noncoding
regions such as spacers and group I introns are align-
able across major lineages of basal angiosperms, and
at the same time provide resolution within these lin-
eages. Based on these results Lohne & Borsch (2005)
characterized the intron in petD as a representative of
the structurally different group II introns, and dem-
onstrated its high efficiency for phylogeny inference
among basal angiosperms. The petD intron, the ¢trnT-
trnF region, and a set of additional, fast-evolving
chloroplast genome regions seemed to be promising
markers for a comprehensive combined analysis of
Nymphaeales phylogeny. Moreover, it has been shown
that microstructural mutations, which are frequent in
noncoding DNA, provide valuable additional informa-
tion for phylogenetic inference (Simmons, Ochoterena
& Carr, 2001; Hamilton, Braverman & Soria-Hernanz,
2003; Lohne & Borsch, 2005; Miiller, 2006). A focus
on fast-evolving spacers and introns was therefore
expected to yield a large set of microstructural char-
acters as well.

For the present study there are three principal
objectives:

1. Generate a well-resolved and sufficiently supported
chloroplast phylogeny of Nymphaeales based on an
extensive taxon and character sampling.

2. Test the monophyly of Nymphaeaceae as well as
the monophyly of the genus Nymphaea, while
meeting the first objective.

3. Evaluate the phylogenetic utility of the structur-
ally different chloroplast genomic regions used in
this study.

Ultimately, it will be necessary to compare well-
founded phylogenetic hypotheses obtained from the
individual genomes to address putative effects arising
from ancient hybridization. Thus, selecting for
genomic regions with maximum phylogenetic utility
will be necessary to obtain well-supported trees for all
three compartments.

MATERIAL AND METHODS

TAXON SAMPLING AND PLANT MATERIAL

The dataset used in this study comprises 24 species of
Nymphaeales, representing both genera of the Cabom-
baceae (Brasenia, Cabomba), each genus of the Nym-

phaeaceae (Barclaya, Euryale, Nuphar, Nymphaea,
Ondinea, Victoria), and within the genus Nymphaea
each of the five subgenera (Anecphya, Brachyceras,
Hydrocallis, Lotos, Nymphaea), as well as both sec-
tions of Nuphar (Astylus and Nuphar). Additionally,
sequences of Amborella trichopoda (Amborellaceae)
and four representatives of Austrobaileyales
(Austrobaileya, Illicium, Kadsura, Schisandra) are
included. Most of the sequence data were generated
during this study, with only a few sequences, espe-
cially for trnT-trnF and petD, taken from previous
studies (Borsch et al., 2003; Lohne & Borsch, 2005).
All sequences of Nymphaea alba were taken from
GenBank (AJ627251; Goremykin et al., 2004). Infor-
mation on all investigated species, on the origin of
material, as well as on deposited vouchers and Gen-
Bank accessions are summarized in Table 1.

DNA ISOLATION, AMPLIFICATION AND SEQUENCING

Total genomic DNA was isolated from fresh or silica-
gel-dried leaf tissue, or from plant material preserved
in CTAB. To gain an optimal quantity of high-quality
DNA a CTAB method with triple extractions was used
(Borsch et al., 2003), as modified from Liang & Hilu
(1996). After chloroform extraction, DNA was precipi-
tated with isopropanol, resuspended in TE and further
purified by ammonium acetate and sodium acetate
washing steps followed by ethanol precipitation.

Using different sets of primers (see primer list in
Appendix 1), we amplified four regions of the chloro-
plast genome: (1) the petD region, comprising the
petB-petD spacer, the petD 5’ exon (only 8 bp) and the
petD intron, (2) the rpl16 intron, (3) the trnK-matK
region, comprising the complete ¢rnK intron, the matK
gene and the trnK-psbA spacer, and (4) the trnT-trnF
region, comprising the ¢rnT-trnL spacer, the trnL gene
with its intron, and the ¢rnL-trnF spacer. PCR was
conducted on a T3 Thermocycler (Biometra, Gottin-
gen, Germany), using Tag-DNA-polymerase, buffer
and dNTPs from Peqlab (Erlangen, Germany). See
Appendix 2 for a detailed description of PCR condi-
tions and reaction mixes optimized for each genomic
region. PCR products were purified using a QiaQuick
gel extraction kit (QIAGEN Inc., Valencia/CA, USA)
and sequenced either with an ABI Prism BigDye Ter-
minator Cycle Sequencing Ready Reaction Kit v. 1.1
(Applied Biosystems, Foster City/CA, USA) on ABI
310 or 377 automated sequencers, or with a CEQ
DTCS Quick Start Kit (Beckman Coulter, Fullerton/
CA, USA) on a CEQ 8000 sequencer.

SEQUENCE ALIGNMENT AND INDEL CODING

Sequences were aligned manually following the rules
described in Lohne & Borsch (2005), using BIOEDIT
v.5.0.9 (Hall, 1999). For each of the genomic regions a
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separate alignment was initially produced. Muta-
tional hotspots, i.e. regions of uncertain homology,
were excluded from analysis. Also, all exon parts
flanking the petD, rpl16, trnK and trnL introns were
excluded from analysis as they are short, and because
they were often incomplete owing to the placement of
sequencing primers. After alignment, gaps were coded
automatically in a binary matrix using SEQSTATE
v.1.21 (Miiller, 2005). The ‘simple indel coding’ strat-
egy based on Simmons & Ochoterena (2000) was
applied. Alignments of all genomic regions, plus the
respective indel matrices, were then combined to a
single nexus file comprising several data partitions.
Alignments and nexus data files are available from
the Corresponding author upon request.

PHYLOGENETIC ANALYSES

Prior to phylogenetic analyses sequence divergence
(uncorrected p distance), G/C content and other
sequence statistics were calculated using SEQSTATE
(Miiller, 2005). In order to compare similarity of phy-
logenetic signal between genomic regions, partition
homogeneity tests were performed in 1000 replicates
using PAUP* v.4.0b10 (Swofford, 2002). For phylogeny
reconstruction the following data partitions were
analysed and compared: (1) all genomic regions sepa-
rately, (2) all spacers together (¢rnT-trnL, trnL-trnF,
petB-petD, trnK-psbA), (3) all introns (trnL, trnkK,
petD, rpll6), (4) all group II introns (¢rnK, petD,
rpl16), (5) coding regions (only matK), (6) noncoding
regions (all introns and spacers), (7) all indel charac-
ters, and (8) a combined dataset including all nucle-
otide and indel characters.

Maximum parsimony

Parsimony analyses (MP) were conducted with
PAUP* v.4.0b10 (Swofford, 2002) employing heuristic
searches with 1000 random addition replicates and
TBR branch swapping. The limit of trees saved was set
to 10 000 for small matrices. Branch support was esti-
mated through 10 000 jackknife (JK) replicates (sim-
ple addition, keeping one tree per replicate, deleting
36.788% of characters in each replicate). In addition,
Bremer support (BS) was calculated using PAUP*
with the help of PRAP v.1.21 (ten random addition
replicates per constraint tree, parsimony ratchet not
employed; Miiller, 2004). The consistency index (CI;
Kluge & Farris, 1969) and the rescaled consistency
index (RC; Farris, 1989) were calculated to assess lev-
els of homoplasy. For a quantitative assignment of
support or disagreement to each of the data partitions,
the partitioned Bremer (PBS) support was estimated
using the program TREEROT v.2 (Sorenson, 1999).
Additionally, the phylogenetic structure R (Quandt,
Miiller & Huttunen, 2003; Miiller, Borsch & Hilu,

2006) of each data partition was calculated in order to
evaluate the phylogenetic utility of the respective
markers. As a measure of average support per node R
can range from 0 to 1, i.e. R = 1 if all nodes gain max-
imum support and R =0 if not a single node is sup-
ported by more than 50% of jackknife or bootstrap
replicates.

Bayesian inference

Besides parsimony analyses, Bayesian inference (BI)
of phylogeny for the combined dataset was conducted
using MRBAYES v.3.1 (Ronquist & Huelsenbeck,
2003). Following the Akaike information criterion,
MODELTEST v.3.06 (Posada & Crandall, 1998)
assigned the GTR + G model of molecular evolution to
all nucleotide partitions, except the petB-petD spacer
and the ¢rnT-trnL spacer, to which the GTR model was
assigned. First, an analysis was conducted with all
nucleotide characters. Then, all characters obtained
from indel coding were appended to the matrix, and
the binary (restriction site) model implemented in
MRBAYES was applied to this partition. Both analy-
ses were performed for 1 000 000 generations apply-
ing the default settings (MCMCMC, four runs with
four chains each, heating temperature 0.2, saving one
tree every 100 generations). In all runs, the probabil-
ities had converged to a stable value after 15 000 gen-
erations. Thus, a consensus was calculated from a
total of 39 400 trees sampled after the burn-in.

ROOTING OF THE TREES

The Nymphaeales clade is most probably the second
branch of the angiosperm tree, diverging after Ambo-
rella, and followed by Austrobaileyales (Parkinson,
Adams & Palmer, 1999; Mathews & Donoghue,
2000; Soltis et al., 2000; Borsch et al., 2003; Hilu
et al., 2003; Borsch etal., 2005; Qiu et al., 2005).
Alternative hypotheses on relationships of extant
angiosperms assume an Amborella-Nymphaeales
clade as first branch (Barkman et al., 2000; Zanis
etal., 2002; Stefanovic, Rice & Palmer, 2004;
Leebens-Mack et al., 2005). Rather than using only
Amborella (which actually might possess a large
number of derived states) as a single outgroup taxon,
representatives of Austrobaileyales were also in-
cluded to better reflect possible variation in character
states present in the next relatives of Nymphaeales.
More distant outgroups such as representatives of
Magnoliids or gymnosperms were not included as this
could have increased the chance for effects of long
branch attraction (Graham, Olmstead & Barrett,
2002). However, a comparison of alternative rootings
for the Nymphaeales did not show significant influ-
ence on hypotheses inferred for the ingroup (Borsch
et al., 2007).
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Evaluating alternative topologies

In order to compare the likelihood of the topology
inferred from our dataset with alternative phyloge-
netic hypotheses Kishino-Hasegawa (KH) tests
(Kishino & Hasegawa, 1989) were performed with the
combined matrix (all substitutions) using the Lscores
option in PAUP* and GTR + G model settings obtained
with MODELTEST v.3.06 (Posada & Crandall, 1998).
The evaluated alternative hypotheses, as illustrated
in Figure 1, refer to the position of Nuphar as either
sister to the remaining Nymphaeales (A) or sister to
Cabombaceae (B; see Lohne & Borsch, 2005), and to
the monophyly of the genus Nymphaea with Victoria-
Euryale as a sister clade (C; Borsch et al., in press).

Analyses with reduced taxon sets

In order to assess the effects of taxon sampling on the
inferred phylogeny we conducted several MP analyses
with the dataset reduced to eight taxa, comprising
only one representative of each genus of Nymphae-
ales. Five data subsets were created by choosing either
N. elleniae, N. micrantha, N.amazonum, N. lotus or
N. odorata (representing the five subgenera of Nym-
phaea) as the representative of the genus Nymphaea.
In line with the analysis of Les et al. (1999), Cabomba
and Brasenia were defined as outgroup in these 8-
taxon datasets. The MP trees, jackknife and BS values
were calculated as described above.

RESULTS

SEQUENCE VARIABILITY OBSERVED IN THE DATASETS

An average of 6630 nucleotides (nt) were sequenced
per taxon to obtain the multilocus chloroplast dataset
for Nymphaeales. About 660 nt per taxon were not
analysed because they were short fragments of
sequence adjacent to the genomic regions under study
or from short tRNA exons. An average of 527 nt per
taxon fell within mutational hotspot regions and was
therefore excluded, too. The final matrix containing all
data partitions (spacers, introns and mat¢K) comprised
6597 characters plus a presence—absence matrix of
369 indels, providing total numbers of 2224 variable
and 1356 parsimony informative characters. A total of
19 hotspots was determined, occurring in all genomic
regions except the matK gene and the petD intron.
A small hotspot was found in the petB-petD spacer
(1-12 nt). The other spacers contained two to four
hotspots (three in trnK-psbA with 147-257 nt in total;
four in ¢trnT-trnL with 46-245 nt; two in trnL-trnF
with 29-84 nt). Four hotspots were also excluded from
the trnK intron (74-135 nt in total) and from the rpl16
intron (36—412 nt in total), respectively. The high
length variability of these hotspots is caused mainly
by long sequence stretches that are only present in the
outgroup, especially in Amborella and Austrobaileya

A N. LOTOS
N. HYDRO
Victoria
Euryale

N. ANEC incl. Ondinea
N. BRACHY
N. NYMPH
Barclaya
Cabomba
Brasenia
Nuphar
Austrobaileyales
Amborella

B N. LOTOS
N. HYDRO
Victoria
Euryale

N. ANEC incl. Ondinea
N. BRACHY
N. NYMPH
Barclaya
Cabomba
Brasenia
Nuphar
Austrobaileyales
Amborella

C N. ANEC incl. Ondinea
N. BRACHY

N. LOTOS

N. HYDRO

N. NYMPH

Victoria

Euryale

Barclaya

Nuphar

— Cabomba

L_— Brasenia
Austrobaileyales
Amborella

Figure 1. Alternative hypotheses for relationships within
Nymphaeales, tested against the optimal tree obtained
from the present dataset in Kishino-Hasegawa tests. A, B,
topologies testing different positions of Nuphar. C, tree
referring to the monophyly of the genus Nymphaea with
respect to Victoria + Euryale.
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(data not shown). Sequences of Nymphaeales taxa are
generally shorter. An exception is the single hotspot in
the ¢trnL intron (7—140 nt), which is located in the P8
domain and contains a highly length-variable AT-
microsatellite only present in the ingroup.

The rpll16 intron is the region with highest length
variability (mean sequence length =825.7 nt, SD =
84.6; Table 2). The matK gene, on the other hand, is
most conserved in sequence length as is evident by a
low SD of 10.6 although matK has twice the length of
the rpl16 intron (1517.8 nt; Table 2). The number of
indels coded in the matK gene (IN=19) is low com-
pared to its length (1.3 indels per 100 nt; see last col-
umn in Table 2). More indels per character were coded
in the introns (6.5 indels per 100 nt) and, especially, in
the spacers (11.0 indels per 100 nt; Table 2). The GC-
content is higher in the introns (38.6%) than in the
spacers (36.3%) and the matK gene (36.1%). The GC-
content of the petB-petD spacer (30.0%) is rather low
compared to other partitions of this dataset (Table 2,
column 5). Sequence divergence, i.e. average pairwise
sequence distance (Table 2, column 6), is lowest in the
petD region (spacer and intron), highest in the rpl16
intron and the trnT-trnL and trnL-trnF spacers. The
petD region also provides the lowest amounts of vari-

able and informative characters relative to the total
number of characters (20.5% and 8.4%, respectively,
Table 2, columns 7 and 8). The highest percentages of
parsimony informative characters in the present
dataset can be found in the matK gene (31.1% vari-
able, 20.6% informative).

TREES OBTAINED FROM INDIVIDUAL AND COMBINED
PARTITIONS USING PARSIMONY

Partition homogeneity tests indicated that data parti-
tions are not significantly incongruent (P-value of
overall analysis 0.30, P-values in all pairwise compar-
isons > 0.08; see Appendix 3). Therefore, all data par-
titions could be analysed in a combined matrix.
Maximum parsimony analysis of the combined matrix
yielded one shortest tree with 2562 steps (CI = 0.85,
RC =0.76), which is shown in Figure 2 with jackknife
support above and Bremer support below branches.
Inclusion of the indel matrix led to the same topology
(2979 steps, CI=0.85, RC =0.77) with similar jack-
knife, but slightly increased BS (see Table 3, part B).
This fully resolved tree could be obtained from com-
bined analysis of all noncoding partitions using only
substitutions, and when adding matK and indels,

Table 2. Comparison of sequence statistics between all chloroplast genomic regions analysed individually (Part A) and in

different combinations (Part B) for the 29 taxon dataset of Nymphaeales

Length % % % % No. % Inf. Indel
Data partition Char. range Mean length divergence GC Var. Inform. indels indels freq.
(A) Individual
petB-petD spacer 273 164-224 196.8 (13.2) 4.5 (0.0-15.4) 30.0 20.5 8.4 27 63.0 13.7
petD intron 817 621-733 652.7 (33.3) 4.6 (0.0-14.0) 39.5 224 122 42 54.8 6.4
rpl16 intron 858 763-1109  825.7 (84.6) 8.0 (0.0-21.3) 37.8 30.3 20.0 49 59.2 5.9
trnK intron 1130 957-1068 1007.9 (21.8) 6.6 (0.0-19.1) 38.1 28.2 18.1 66 57.6 6.5
matK 1590 1499-1542 1517.8 (10.6) 6.5 (0.0-19.0) 36.1 31.3 20.6 19 57.9 1.3
trnK-psbA spacer 170 287-396 316.6 (17.0) 6.6 (0.0-24.0) 394 30.6 15.9 10 50.0 3.2
trnT-trnL spacer 600 349-684 483.8 (54.4) 8.8 (0.0-25.2) 38.8 31.5 20.3 59 49.2 12.2
trnL intron 581 474-606 537.9 (32.8) 5.6 (0.0-14.3) 39.5 23.1 13.8 41 53.7 7.6
trnL-trnF spacer 579 244-441 385.2 (33.0) 9.5 (0.0-28.2) 35.1 28.0 17.3 56 46.4 14.5
(B) Combined
Introns 3386 2916-3384 3024.1 (98.4) 6.3 (0.0-17.6) 38.6 26.5 16.5 198 56.6 6.5
Spacers 1621  1225-1569 1382.4 (52.5) 7.9 (0.0-23.3) 36.3 28.3 16.8 152 50.7 11.0
Noncoding 5007 4268-4852 4406.5 (121.1) 6.7 (0.0-19.1) 379 27.1 16.6 350 54.0 7.9
All substitutions 6597 5767-6356 5924.4 (119.7) 6.7 (0.0-19.1) 37.4 281 175 369 54.2 6.3
Total 6966 — — - — 319 195 — - —

Char., number of characters in the alignment matrix (excluding hotspots); Length range, actual sequence length in
nucleotides (minimal and maximal observed value, including hotspots); Mean length, mean of all observed sequence
lengths (standard deviation in brackets); % divergence, pairwise sequence distance in percent (uncorrected p distance,
overall mean, lowest and highest scores in brackets); % GC, GC content in percent; % Var., percentage of variable
characters; % Inform., percentage of parsimony informative characters; No. indels, number of length mutations that were
coded by SeqState; % Inf. indels, percentage of parsimony informative indels; Indel freq., indel frequency (number of indels
per 100 nucleotides, calculated from the mean sequence length of each partition).
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Nymphaea amazonum
Nymphaea novogranatensis| n. subg.
. ) Hydrocallis
Nymphaea jamesoniana
Nymphaea oxypetala J
Nymphaea lotus N. subg.
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Nymphaea petersiana
Victoria cruziana
Victoria Longwood
Euryale ferox
Ondinea purpurea

Nymphaea elleniae N. subg.

Anecphya

Nymphaeaceae

Nymphaea macrosperma
Nymphaea micrantha N. subg.

Nymphaea gracilis Brachyceras

Nymphaea odorata N. subg.

Nymphaea alba Nymphaea

100
82

100
74

Barclaya longifolia
Nuphar japonica

Nuphar lutea Nuphar

Nuphar advena J
Cabomba caroliniana
Cabomba sp.
Brasenia schreberi USA Cabombaceae
Brasenia schreberi CAN
Kadsura japonica
Schisandra chinensis
Hicium floridanum OUTGROUP

Austrobaileya scandens

Amborella trichopoda

J

Figure 2. Single most parsimonious tree of Nymphaeales obtained from a combined analysis of all markers (substitutions
and indel matrix). Jackknife values are given above branches, BS below. Nodes are numbered consecutively (in circles).

respectively. Consensus trees of individual datasets
differed in degree of resolution, ranging from 8 nodes
resolved by the petB-petD and trnK-psbA spacers to 24
nodes resolved by the ¢trnK intron (Table 3, column 7).
In parallel, R is lowest in the petB-petD and trnK-psbA
spacers (R =0.18) and highest in the ¢rnK intron
(R =0.59; Table 3, column 6). Partitioned Bremer sup-
port (PBS) for selected nodes and summed PBS values
for all data partitions are presented in Table 4. Six
nodes (nodes 5, 8, 14, 22, plus 20 and 23 which are not
shown in the table) receive PBS values below zero
from one of the data partitions (or two in the case of
node 14), indicating phylogenetic signal that contra-
dicts the total evidence tree. However, because values

do not drop below —1 in these few cases, the overall
conflict is rather small.

TREES OBTAINED FROM BAYESIAN INFERENCE

The combined dataset comprising all markers was
used for Bayesian inference. Inclusion or exclusion of
information from length mutations (369 indel charac-
ters) had no effect on tree topology and only minor
effects in posterior probability values of some nodes.
Figure 3 shows the Bayesian consensus of the calcu-
lation including indel information, with branch
lengths estimated from 39 400 trees. Posterior proba-
bilities (PP) of clades are given above branches. Only
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1.0 Nymphaea macrosperma

— .0
Nymphaea micrantha
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10 Nuphar japonica
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1.0
Nuphar advena
10 [ Cabomba caroliniana

10 Cabomba sp

10 ’ Brasenia schreberi USA
Brasenia schreberi CAN
10 — Kadsura japonica
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Figure 3. Phylogram of the combined dataset of Nymphaeales including all markers (substitutions and indels). The tree
is a 50% majority rule consensus of 39 400 trees obtained from four runs of Bayesian analysis implementing the GTR + G
model. Branch lengths reflect changes per site. Posterior probabilities are given above branches.

three nodes (5, 14 and 19) gain different PP values PHYLOGENY OF NYMPHAEALES

depending on the inclusion or exclusion of indels (indi-  Partition homogeneity tests, the results of individual
cated by the numbers in brackets in Fig. 3), but their and combined analyses of the markers, as well as the
probabilities are rather low in both trees. PBS analyses, show that there is effectively no conflict
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Table 4. Partitioned Bremer Support for selected nodes of the total evidence tree

PBS for selected nodes®

Data partition 5 8 11 12 14 15 17 19 22 24 Total PBS
petB-petD spacer 5 0 1 2 0 1 0 0 0 0 19.0
petD intron 12 0 1 1 0 1 0 0 0 0 81.0
rpl16 intron 5 2 1 2 2.5 3.4 0 0 2 2 134.9
trnK intron 11 1 1.5 2 0.5 3.1 2 1 1 3 158.1
matK 24 2 5 8 -1 14 1 0 3 2 270.4
trnK-psbA spacer 1 0 1 0 0 0 0 0 0 0 23.0
trnT-trnL spacer 9 3 3 0 0.5 7.4 1 0 -1 0 96.9
trnL intron 9 -1 3 5 -0.5 0.6 0 0 0 0 70.1
trnL-trnF spacer -1 0 3.5 3 0 3 1 0 2 0 64.5
All substitutions 75 7 20 23 2 21 5 1 7 7 918.0

23/4 node numbers refer to nodes in Figure 2.

between all data partitions. Therefore, the total evi-
dence trees from MP and BI, shown in Figures 2 and
3, respectively, are considered as the best approxima-
tion of plastome relationships, and are described in
the following.

In both total evidence trees the Cabombaceae, con-
sisting of Cabomba and Brasenia, are revealed as a
well-supported clade (JK=100, BS=82, PP=1.0).
Nymphaeaceae, consisting of Nuphar, Barclaya, Nym-
phaea, Ondinea, Euryale and Victoria, also emerge as
monophyletic with high jackknife (JK = 99) but rather
low Bremer support (BS =8) and medium posterior
probability (PP = 0.96). Nuphar is depicted as sister to
the remaining Nymphaeaceae, followed by Barclaya.
Victoria and Euryale form a well-supported lineage.
However, the genus Nymphaea appears as paraphyl-
etic with respect to both Ondinea and the Victoria—
Euryale clade. Ondinea is placed within Nymphaea
subgen. Anecphya with maximum support in both MP
and Bayesian analysis. Nymphaea subgenera Anec-
phya and Brachyceras form a well-supported clade
(JK=100, BS=31, PP=1.0), whereas N.subgen.
Hydrocallis is grouped with N.subgen. Lotos
(JK=100, BS=8, PP=1.0). Victoria and Euryale
emerge as a sister group to the Hydrocallis—Lotos
clade with average jackknife (JK=88), but low
Bremer support (BS = 1) and low posterior probability
(PP=0.52). The temperate subgenus Nymphaea
appears sister (JK =90, BS =2, PP =0.91) to all other
subgenera as well as Victoria—Euryale and Ondinea.
Whereas the position of Ondinea nested within the
Anecphya—-Brachyceras clade is supported by all indi-
vidual partitions except the trnK-psbA spacer and the
trnL intron (node 15, Table 3, Fig. 2; note that the P8
stem-loop of the ¢trnL intron will resolve Ondinea but
this is excluded as hotspot here), the position of Eury-
ale-Victoria nested within the genus Nymphaea is

revealed only by the rpl16 intron (node 14) and the
trnK intron (node 19).

In order to evaluate alternative hypotheses
(illustrated in Fig. 1) on phylogenetic relationships in
Nymphaeales, Kishino-Hasegawa tests were per-
formed. The total evidence tree obtained from the
present dataset (Figs 2, 3) was significantly favoured
over the alternatives (P = 0.000).

EFFECTS OF TAXON SAMPLING

In each of the MP analyses of the five taxon subsets a
single most parsimonious tree was obtained. Selecting
different species of Nymphaea to represent the genus
had significant effects on the trees inferred for Nym-
phaeales. The trees differ in topology, and in particular
the position of Ondinea was dependent upon the re-
spective species of Nymphaea included (Fig. 4A-E). If
N. elleniae (subgen. Anecphya) or N. micrantha (sub-
gen. Brachyceras) were chosen, Ondinea grouped with
them with maximum support (JK =100, Fig. 4A,B). If
N. amazonum (subgen. Hydrocallis) or N. lotus (sub-
gen. Lotos) were chosen as representatives of Nym-
phaea (Fig. 4C,D), Ondinea diverged below the split
between Victoria—Euryale and Nymphaea, with high
support (JK =96) in the first case and medium sup-
port (JK =87) in the latter. Nymphaea odorata (sub-
gen. Nymphaea), on the other hand, emerges sister to
a clade consisting of Ondinea and Victoria—Euryale
(JK =74, Fig. 4E) when sampled alone.

DISCUSSION
STRUCTURE OF THE DATA AND RELIABILITY OF
THE TREES

This study represents the most extensive molecular
dataset for Nymphaeales compiled to date. Due to a
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Figure 4. Result of phylogenetic analyses with taxon sampling reduced from 29 to 8 taxa, thus reflecting the number of
taxa sampled by Les et al. (1999). Five independent parsimony analyses were run to test whether members of different
subgenera of Nymphaea yield different trees (A, subgenus Anecphya; B, subgenus Brachyceras; C, subgenus Hydrocallis;
D, subgenus Lotos; E, subgenus Nymphaea). Cabomba and Brasenia were used as outgroup taxa. Jackknife values are
given above branches, BS below. Branch lengths reflect number of changes.

relatively high percentage of variable and informative
characters, that is comparable to other datasets based
on noncoding chloroplast DNA (e.g. Renner & Chand-
erbali, 2000; Borsch et al., 2003; Lohne & Borsch,
2005; Neinhuis et al., 2005), a total of 1156 parsimony

informative alignment positions plus 200 informative
characters from coded length mutations was obtained.
Also, similar to previous analyses based on noncoding
genomic regions, the occurrence of extremely variable
nucleotide stretches, which impair a clear alignment,
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was confined to several, clearly demarcated muta-
tional hotspots comprising less than 10% of all nucle-
otides (Borsch et al., 2005).

Our dataset not only comprises a high number of
informative characters for Nymphaeales (e.g. com-
pared to 108 in Les et al., 1999; albeit with different
taxon sampling) but is also characterized by generally
low degrees of homoplasy (apparent from high CI and
RC values) and a strong phylogenetic signal. Both
methods used for tree inference (maximum parsimony
and Bayesian inference) yielded the same results, i.e.
an exactly matching topology and comparable support
for nodes. The compelling statistical support obtained
in both analyses (MP and BI) emphasizes the homo-
geneous structure and strong phylogenetic signal of
our dataset. Thus, a majority of nodes in the total evi-
dence tree (17 out of 26) gains maximum support
(JK=100%, PP = 1.0). In total, 21 of 26 nodes are well
supported by the underlying data, even if we follow
rather conservative approaches in interpreting sup-
port values (see Simmons, Pickett & Miya, 2004;
Zander, 2004; Schonenberger, Anderberg & Sytsma,
2005, for discussion) and regard only nodes with at
least 95% JK and 0.95 PP as well supported. Further-
more, estimation of partitioned Bremer support
revealed no considerable conflict between the nine
data partitions. Negative PBS values of —1 or smaller,
which occurred in a few cases, can be regarded as non-
significant (Creer, Malhotra & Thorpe, 2003; Lam-
bkin, 2004).

The fact that none of the data partitions alone pro-
vided enough information to fully resolve the relation-
ships among the sampled taxa, but that combining
markers resulted in a single most parsimonious tree
and strongly increased the number of well-supported
clades, demonstrates the necessity of a certain amount
of informative characters to clarify phylogenetic rela-
tionships among genera of Nymphaeales. The striking
advance in resolution and support relative to the trnT-
trnF tree of Borsch et al. (2007) underscores the
importance of identifying and selecting highly per-
forming molecular markers. Our study shows that
combining information from genomic regions that are
particularly suitable for this taxonomic spectrum, i.e.
noncoding and fast-evolving DNA (see below), is the
most powerful strategy to obtain a completely resolved
phylogeny of Nymphaeales. The inclusion of further
fast-evolving markers might therefore be helpful to
verify those relationships that do not gain sufficient
support by the present dataset.

MICROSTRUCTURAL MUTATIONS

The indel matrix compiled from microstructural
mutations in the different genomic regions provides
phylogenetic information that is congruent with the

topology obtained from substitutions. Clades with
high statistical support from substitutions and with
long branches are characterized by high numbers of
apomorphic indels, such as the Cabombaceae (7 syna-
pomorphic indel characters) and the genus Cabomba
(25 indels), or the clade consisting of Nymphaea sub-
genera Brachyceras and Anecphya, and Ondinea (7
indels). Our indel matrix is one of the largest that has
been compiled so far (see Simmons et al., 2001). The
fact that most clades in Nymphaeales are resolved
even from indels alone (the only seven nodes not
resolved are 8, 14, 17, 18, 19, 23, 26), demonstrates the
high value of length mutations in phylogenetic analy-
ses. We agree with Simmons & Ochoterena (2000) and
other authors (e.g. Giribert & Wheeler, 1999; Kelchner,
2000; Miiller, 2006), that not coding length mutations
is equivalent to discarding data. In this study the bene-
fit from including indels is once again shown.

Branch lengths

Conspicuous differences in branch lengths can be
observed among internal and terminal branches of the
Bayesian phylogram (Fig. 3). Such differences might
be caused by changes in diversification rates or by
shifts in the rates of molecular evolution within a lin-
eage. A closer look at Figure 3 reveals that all internal
nodes with rather short branches do not gain maxi-
mum support in Parsimony or Bayesian analyses. This
is true for node 8 (uniting all members of Nymphae-
aceae), node 14 (uniting the Anecphya—Brachyceras
and the Hydrocallis—Lotos—Victoria—Euryale clades),
node 16 (V. subgen. Brachyceras), node 19 (uniting
Hydrocallis—-Lotos with Victoria—Euryale), and node
26 (N. amazonum sister to N. novogranatensis). Short
branch lengths in both the Bayesian (Fig. 3) and the
MP tree (branch length not shown), in combination
with low BS values (Fig. 2), indicate the presence of
only few character states that changed on the branch
to the respective reconstructed ancestor under a given
most parsimonious or most probable scenario. Such
low numbers of changes on a branch may have
resulted from rather rapid diversification and, as a
consequence, the short time that was available to
accumulate mutations (Wendel & Doyle, 1998; Bremer
et al., 1999; Cronn et al., 2002). Besides this, as Lohne
& Borsch (2005) showed for the petD intron, short
branches might strongly be influenced by homoplastic
characters. Long branches subtending terminal taxa,
on the other hand, often hint at accelerated rates of
molecular evolution. The most striking examples in
the present dataset are the long branches leading to
Cabomba, and to Barclaya, respectively. Cabomba is
sister to Brasenia, which is subtended by a much
shorter branch. Thus, the rate of molecular evolution
in Cabomba relative to Brasenia must be higher. Rate
differences are therefore present within Nymphae-
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ales. Barclaya, however, is a rather isolated lineage
within Nymphaeaceae and is represented by only one
sequence in our dataset. Nevertheless, it is remark-
able that Cabomba and Barclaya represent two
extremes of life forms in the Nymphaeales. Whereas
Cabomba is a completely submersed plant with
strongly dissected leaves, one species of Barclaya
(B. rotundifolia Hotta) is semiterrestrial. This may
indicate that strong shifts in morphological features or
life form are related to accelerated molecular evolu-
tion (Miiller et al., 2004).

PHYLOGENY AND EVOLUTION OF NYMPHAEALES

The results of our study confirm several previous
hypotheses on phylogenetic relationships in the order
Nymphaeales; owing to comprehensive taxon and
character sampling they also provide new insights
into the evolutionary history of this group. Our results
corroborate the monophyly of Cabombaceae, which
has been convincingly stated before based on mor-
phological, anatomical and molecular characters
(Williamson & Schneider, 1993). Within Nymphae-
aceae, the study confirms the position of Barclaya as
sister to a well-supported clade consisting of Nym-
phaea, Ondinea, Victoria and Euryale (similar to Les
et al., 1999). Furthermore, it provides additional evi-
dence for the sister relationship of Victoria and Eury-
ale, which had been proposed as early as 1891 by
Caspary (based on seed morphology and the presence
of spines), and was supported by phylogenetic analy-
ses of sequence data a century later (Les et al., 1991,
Les etal., 1999; Borsch etal., 2007). Nuphar is
inferred as first-branching in a clade comprising all
members of Nymphaeaceae, similar to previous stud-
ies based on anatomy, morphology and molecules (Ito,
1987; Les et al., 1999). However, despite the high
amount of characters sampled in this study the mono-
phyly of the Nymphaeaceae is still not convincingly
supported (see below). More strikingly and in contrast
to all previous phylogenetic studies and classifica-
tions, this study infers the genus Nymphaea to be
paraphyletic with respect to the Victoria—Euryale
clade and to Ondinea. Because of their relevance for
understanding the evolution of the water-lily family,
we want to address these findings in closer detail.

Nuphar and the monophyly of Nymphaeaceae

Nymphaeaceae are revealed as a monophyletic group
in the present analysis with Nuphar branching first in
this clade (node 8). Alternative topologies, i.e. Nuphar
basal in Nymphaeales (Fig. 1A) or Nuphar sister to
Cabombaceae (Fig. 1B), were rejected by Kishino-
Hasegawa tests. However, this inference is based on
only a few characters, as evident from the low Bremer
support (Fig. 2) as well as the short branch leading to

Nymphaeaceae (Figure 3). A reason for the scarcity of
informative characters at the base of Nymphaeales
could be a rapid, early diversification into the three
major lineages. Based on the observation that support
values in our dataset increased remarkably after com-
bining different partitions, we can expect that the
monophyly of Nymphaeaceae will be corroborated by
future studies including more characters. However,
there are several morphological and anatomical fea-
tures of Nuphar, such as its stout creeping rhizomes, a
superior syncarpous gynoecium with discontinuous
stigmatic rays, echinate anasulcate pollen, and
emergent fruits having smooth exarillate seeds
with distinctive dehiscence, which demonstrate the
distinctness of this genus from other Nymphaeaceae
and from Cabombaceae. Such morphological observa-
tions also led to the idea of Nupharaceae as a separate
family (suggested by Kerner von Marilaun, 1891;
Nakai, 1943; Takhtajan, 1997). The earliest fossils
(from 52 Ma) that can be unambiguously assigned to
any of the extant genera of Nymphaeaceae belong to
Nuphar (Chen, Manchester & Chen, 2004). It will
therefore be particularly interesting to understand
which of the phenotypic features in Nuphar represent
a plesiomorphic condition for the Nymphaeales crown
group, and which are derived.

Relationships among the three sampled species of
Nuphar agree with the hypothesis advanced by
Padgett, Les & Crow (1999) in their comprehensive
analysis of this genus. Nuphar lutea and N. japonica,
as representatives of the Old World Nuphar sect.
Nuphar, form a well-supported clade that is sister to
N. advena, the only representative of New World
Nuphar sect. Astylus in this study.

Paraphyly of the genus Nymphaea

Perhaps the most striking result of our analysis is the
inferred paraphyly of the genus Nymphaea with
respect to Victoria and Euryale. Because previous
studies did not consider subgenera of Nymphaea in
their analyses (e.g. Ito, 1987; Moseley, Schneider &
Williamson, 1993; Les et al., 1999), or found only very
weak evidence for the monophyly of Nymphaea
(Borsch, 2000; Borsch et al., 2007), this analysis of
almost 6000 base pairs of rapidly evolving and non-
coding DNA per species yields further insights into
this topic. Here, Victoria and Euryale are inferred to
be sister to a clade comprising Nymphaea subgenera
Hydrocallis and Lotos. This node gains considerable
jackknife support (JK = 88), but Bremer support and
posterior probabilities are rather low (BS =1,
PP =0.51). The same applies for node 14, which is the
next deeper node and separates the temperate subge-
nus Nymphaea from the rest of the genus including
Ondinea, Euryale and Victoria (JK=90, BS=2,
PP =0.91). Although an alternative topology (Fig. 1C),
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constraining the genus Nymphaea to be monophyletic
with respect to Victoria—Euryale (but not with respect
to Ondinea!), is only three steps longer, our total evi-
dence tree was significantly favoured over these alter-
natives as shown by Kishino-Hasegawa tests.

Although it may seem premature to propose a close
affinity of Victoria—Euryale to subgenera Hydrocallis
and Lotos, some morphological and ecological similar-
ities of these plants are remarkable: Hydrocallis and
Lotos are night-flowering water-lilies, like Victoria
(Valla & Cirino, 1972; Prance & Arias, 1975;
Wiersema, 1988). Both subgenera and Victoria are
characterized by relatively large, whitish flowers and
prominent carpellary appendages (e.g. Wiersema,
1987, 1988; Schneider & Williamson, 1993). Further-
more, they share the same pollinators, scarab beetles
of the tribe Cyclocephalini, even though Victoria and
subgenus Hydrocallis only occur in South America
while subgenus Lotos is palaeotropic (Ervik & Knud-
sen, 2003; Hirthe & Porembski, 2003). Only Euryale
does not fit this pattern, as it has purple, predomi-
nantly cleistogamous flowers without conspicuous car-
pellary appendages (Okada & Otaya, 1930; Kadono &
Schneider, 1987). However, these differences could be
concomitant with the shift from chasmogamy to cleis-
togamy in Euryale.

Ondinea: the apetalous water-lily
Although doubt may exist on the inferred position of
Victoria and Euryale, our molecular dataset adds fur-
ther compelling evidence to the hypothesis of a close
affinity between Ondinea and the Australian water-
lilies (Nymphaea subgen. Anecphya), which was first
uncovered by Borsch et al. (2007) using data from the
trnT-trnF region. The clade comprising N. elleniae,
N. macrosperma and Ondinea purpurea receives high
support from all statistical tests (JK =100, BS=6,
PP =1.0). In fact, our results strongly indicate an ori-
gin of Ondinea from within the Anecphya clade,
because Ondinea is depicted as sister to the small-
seeded Nymphaea elleniae. The significance of
these results for understanding the evolution of
Nymphaeales becomes evident if we consider the
striking morphological differences between Ondinea
and Nymphaea. Obviously, dramatic morphological
changes involving many parts of the plant have
occurred during the evolution of Ondinea. A possible
mechanism that could explain such drastic shifts is
neoteny. Schmucker (1932) observed comparable phe-
nomena, i.e. dwarfing and reduction of floral organ
number, in Nymphaea micrantha clones grown from
leaf offshoots. Schneider, Tucker & Williamson (2003)
also discuss neoteny in Nymphaeales, but with regard
to the reduced flowers in Cabombaceae.

However, despite its distinct morphological features
Ondinea has been considered to be closely related to

Nymphaea by other scientists before (Den Hartog,
1970; Williamson & Moseley, 1989; Williamson,
Schneider & Malins, 1989). In fact, den Hartog (1970)
stated in his description of Ondinea purpurea, that ‘it
is closer to Nymphaea than to any of the other genera
within the Nymphaeaceae. In general the Ondinea
flower can be regarded as an apetalous Nymphaea
flower.” The petalous forms of Ondinea, which have
been described as Ondinea purpurea ssp. petaloidea
by Kenneally & Schneider (1983), provide further evi-
dence for the close relation to Nymphaea as they also
show the typical morphological gradation from sepals
through petals to stamens.

Les et al. (1999) observed in their analysis ‘a weak
tendency for Nymphaea and Ondinea to resolve as a
separate clade’, which was induced mainly by molec-
ular data (18S and matK). Because Les et al. (1999)
sampled only one species of Nymphaea subgen. Nym-
phaea (N. odorata) they could not detect the close
affinity of Ondinea to subgenus Anecphya, which
underscores the importance of judicious taxon sam-
pling (see below). Considering the fact that our tree is
based solely on the chloroplast genome, the possibility
of a hybrid origin of Ondinea remains plausible, with
the maternal parent being a water-lily and the pater-
nal being an unknown, presumably extinct member of
Nymphaeales. Thus, a cross check with nuclear mark-
ers will be necessary to track the real phylogenetic
history of Ondinea. However, ongoing studies in
Australian water-lilies wusing nuclear markers
(present authors’ unpubl. data) currently point to a
similar topology.

Other relationships among and within the subgenera
of Nymphaea

Our results strongly corroborate a close relationship
of the Nymphaea subgenera Hydrocallis and Lotos.
This affinity has been suggested -earlier (e.g.
Wiersema, 1987), because it is indicated by several
morphological synapomorphies, such as pollen mor-
phology, presence of highly developed carpellary
appendages, a medial position of anthers on the sta-
mens and the nocturnal flowering pattern. The
Hydrocallis—Lotos clade is well supported also from
subsets of our data, e.g. the matK gene (see Table 3),
as well as the ¢rnT-¢rnF dataset of Borsch et al.
(2007). With this analysis we could also confirm pre-
vious findings of Borsch et al. (2007) that the south-
east African species Nymphaea petersiana does not
belong to subgenus Brachyceras, as previously
assumed, but appears to be closely related to Nym-
phaea lotus (JK =100, BS =6, PP =1.0).

Within subgenus Hydrocallis, Nymphaea oxypetala
is sister to a clade consisting of N.amazonum,
N. jamesoniana and N. novogranatensis. Among the
subgenus Hydrocallis species sampled N. oxypetala is
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exceptional owing to its submersed habit, an unusual
floral morphology, presence of spherical staminal
sclereids, and its polyploid nature (6n=84; see
Wiersema, 1987). A possible affinity of N. novo-
granatensis (2n =28) to a 2n =18 group of species
including N. amazonum has been proposed by
Wiersema (1987) based on similarities in morphology,
phytochemistry and floral biology. However, because
the N. amazonum-novogranatensis clade does not
gain high statistical support in our analysis (JK =63,
BS =1, PP =0.96), any conclusions will have to await
substantiation by further data. The analysis of rela-
tionships within Hydrocallis based on trnT-trnF
sequences by Borsch et al. (2007) suffered from too few
synapomorphies. However, based on the four species
included here, adding a number of further noncoding
genomic regions for the remaining species in Hydro-
callis seems promising in elucidating relationships in
the subgenus.

Another highly supported relationship within Nym-
phaea is the clade uniting the subgenera Anecphya
and Brachyceras. Several morphological and anatom-
ical characters coincide with this grouping. The most
prominent is the incomplete carpellary fusion in both
subgenera, which was first observed by Caspary
(1865—66, 1891) and Conard (1905) leading them to
group these two subgenera together in the so-called
‘Leptopleura’ (Caspary, 1865-66, 1891) or ‘Apocarpiae’
(Conard, 1905). However, the previously established
hypothesis of the paraphyly of subgenus Brachyceras
with respect to subgenus Anecphya (Borsch et al.,
2007) could not be confirmed in our analysis. The two
sampled representatives of subgenus Brachyceras,
N. micrantha and N. gracilis, emerge as a monophy-
lum although it is one of the least-supported clades in
the total evidence trees (JK =78, BS =1, PP =0.98).

Similar to the results of Borsch et al. (2007) the
subgenus Nymphaea is revealed as sister to all other
subgenera of Nymphaea, but statistical support is not
high enough to dispel any doubt about this position
(JK =90, BS=2, PP =0.91). However, a first-branch-
ing position of the hardy, northern-hemisphere water-
lilies would shed new light on the evolution of the
genus Nymphaea, in which all other members inhabit
tropical to subtropical regions.

TAXON SAMPLING

Our own previous studies on molecular phylogenetics
in the Nymphaeaceae (Borsch, 2000; Borsch et al.,
2007) showed that the hypothesis of a monophyletic
genus Nymphaea did not gain much statistical sup-
port, so we included a more representative taxon sam-
pling of all Nymphaea subgenera for the present
analysis. By combining multiple chloroplast regions
we obtained well-supported hypotheses on interge-

neric relationships in Nymphaeaceae. The paraphyl-
etic nature of the genus Nymphaea was not revealed
before simply because other studies failed to sample
across the subgenera of Nymphaea (e.g. Les et al.,
1999) or did not include a sufficient amount of char-
acters (Borsch, 2000; Borsch et al., 2007). Figure 4
points out the relevance of judicious taxon sampling:
including only one representative of each genus of
Nymphaeales leads to different well-supported
topologies, depending on which subgenus of Nym-
phaea was sampled. The correct position of Ondinea
(according to the total evidence tree) could be inferred
only by including N. elleniae (subgen. Anecphya) or
N. micrantha (subgen. Brachyceras). This effect is also
illustrated by indel no. 192 in Figure 5 (occurring in
the matK gene): if subgenera Anecphya and Brachyc-
eras had not been sampled, this indel would appear
autapomorphic for Ondinea, as was the case in the
dataset of Les et al. (1999; but indels have not been
analysed there). Thus, our study exemplifies the pro-
tocol that increasing knowledge on the diversity and
phylogenetic relationships within a group of taxa can
improve study design and thereby also the scientific
output of follow-up analyses.

MORPHOLOGICAL CHARACTERS IN NYMPHAEALES

The morphological and anatomical characteristics of
Nymphaeaceae and Cabombaceae have been studied
intensively since the 1950s (Li, 1955; Moseley, 1958,
1961; Williamson & Moseley, 1989; Schneider et al.,
1995; Schneider et al., 2003). A detailed treatment and
evaluation of those characters in this study would be
out of scope. However, our new insights into the evo-
lution of Nymphaeales reveal the need for a critical
reconsideration of morphological and anatomical char-
acters with special regard to variability among the
subgenera of Nymphaea. Up to now, variability in
Nymphaea has not been considered in phylogenetic
analyses of Nymphaeaceae (Les et al., 1999) or Nym-
phaeales (Li, 1955; Ito, 1987; Moseley et al., 1993). The
inferred close relationship of Nymphaea to Victoria—
Euryale but not to Ondinea in the study of Les et al.
(1999), was supported only by floral vasculature char-
acters (vascular supply from the receptacular plexus,
source and structure of the petal trace, characters 26—
28 in their matrix). Although Moseley (1961) reports
some variability of floral vasculature within Nym-
phaea, complete information on states of anatomical
characters in all five subgenera are mostly missing. A
critical re-examination of anatomy and morphology
might help to substantiate our new hypotheses on the
evolution of Nymphaeales. Further possibly informa-
tive characters, that are variable in Nymphaeaceae
and within Nymphaea, include: structure and number
of petiolar and peduncular air canals (Wiersema,
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23 151
M 1
Amborella GGATATTT-CTCTTCA ATGTATC----ATTTGATA
Austrob. GGATATTT-CTCTTCA ATGTATC----ATTTGATA
Cabomba GGATATTT-ACCTTCA ATGTATT----ATTTTATA
Brasenia GGATATTT-CCCTTCA ATGTATT----ATTTGATA
Nuphar GGATATTT-CCCTTCA ATGTATT----ATTTGATA
Barclaya GGATATTT-CCCTTCA ATGTATTTATTATTTGATA
Victoria GGATATTT-CCCTTCA ATGTATTTTTTATTTAATA
Euryale GGATATTT-CCCTTCA ATGTATTTATTATTTAATA
Ondinea GGATATTT-CCCTTCA ATGTATTGATTATTTAATA
Ny. ANECP GGATATTT-CCCTTCA ATGTATTGATTATTTAATA
Ny. BRACH GGATATTT-CCCTTCA ATGTATTGATTATTTAATA
Ny. HYDRO RGATATTTCCCCTTCA ATGTATTTATTATTTAATA
Ny. LOTOS GGATATTTCCCCTTCA ATGTATTTATTATTTAATA
Ny. NYMPH GGATATTT-CCCTTCA ATGTATTTATTATTTAATA
oo oo °
oo o0 o ° °
Amborella CCTA-———--- GAAAAAGGATCTGAATCTCAT--=——--- AA
Austrob. CYTA-———--- GAACAAATAGCAAAATCTCAT-———--- AA
Cabomba TCTA--—-——- GAAAAACTAGCAAAATATCAG-——-——— AA
Brasenia CCTA-————- GAAAGAATAGCAAAATATCAG-————— AR
Nuphar TCTA--———- GAAAGAATAGCAAAATATCAG-————-— AA
Barclaya CCTG————--- GAAAGAATAACAAAATATCAG-————- AA
Victoria CCTAGAAAGAGAAAGAATAGCAAAATATCAG-—-———-— AA
Euryale CCTAGAAAGAGAAAGAATAGCAAAATATCAG—-————-— AA
Ondinea CCTAGAAAGAGAAAGAATAGCAAAATATCAGTATCAGAA
Ny. ANECP CCTAGAAAGAGAAAGAATAGCAAAATATCAGTATCAGAA
Ny. BRACH CCTAGAAAGAGAAAGAATAGCAAAATATCAGTATCAGAA
Ny. HYDRO CCTAGAAAGAGAAAGAATAGCAAAATATCAG-—-———— AA
Ny. LOTOS CCTAGAAAGAGAAAGAATAGCAAAATATCAG-—-———- AA
Ny. NYMPH CCTAGAAAGAGAAAGAATAGCAAAATATCAT--—-—-—-- AA
LI L |
191 192

Figure 5. Details of the alignment matrix for Nymphaeales and outgroup showing indels synapomorphic for major clades.
Indel 23, from the petB-petD spacer, is a synapomorphy for the Hydrocallis—Lotos clade in the genus Nymphaea. Indel
151, from the ¢rnK intron, unites all members of Nymphaeaceae except Nuphar. Indels 191 and 192 occur in the matK
gene: 191 is synapomorphic for a Nymphaea—Ondinea—Victoria—Euryale clade, while 192 is one of seven indels uniting
Ondinea with the Nymphaea subgenera Anecphya and Brachyceras. Note that all four indels shown are simple sequence
repeats. Nucleotide substitutions that are parsimony informative in the 29 taxon dataset are marked with a dot.

1987); seed and pollen surface morphology (Wiersema,
1987; Borsch, 2000); arrangement and form of sta-
mens and petals (Conard, 1905; Wiersema, 1987); leaf
margins, sclereids, or overall morphology (Conard,
1905; Wiersema, 1987); and developmental morphol-
ogy of juvenile plants and seedlings.

Furthermore, it is necessary to scrutinize the
expression of morphological characters in other basal
angiosperms in order to assess the plesiomorphic vs.

derived nature of states within Nymphaeales. For
example, several character states that are currently
interpreted as being autapomorphic for the Nymphae-
aceae including Nuphar, such as the presence of lac-
tifers, a compound ovary with laminar placentation,
numerous seeds with a distinct apical cap, and numer-
ous petals and stamens, could in fact be plesiomorphic
in Nymphaeales. If this were the case, such characters
would not contradict a position of Nuphar as basal in
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Nymphaeales or sister to Cabombaceae. However, it
might be a challenging task to compare morphological
and anatomical traits of Nymphaeales with those of
outgroup taxa, because this plant group is character-
ized by unique features, which have resulted mainly
from their early separation from the rest of
angiosperms and drastic phenotypic changes in the
course of their adaptation to the aquatic habit.

PHYLOGENETIC SIGNAL OF DATA PARTITIONS

The increased application of molecular data in plant
phylogenetics has led to an enormous amount of
sequence datasets. Because more and more molecular
data are becoming available, a debate on whether
information from different genomic regions should be
analysed in combination or individually to test phylo-
genetic hypotheses is going on (e.g. Bull et al., 1993;
Cunningham, 1997; Castoe, Doan & Parkinson, 2004).
Whereas the focus of this debate is on the treatment of
heterogeneous data partitions, the combined analysis
of homogeneous data is generally accepted (Bull et al.,
1993; Chippindale & Wiens, 1994; De Queiros, Dono-
ghue & Kim, 1996). There is no apparent conflict
among the data partitions in the present analysis, as
revealed by partition homogeneity tests as well as par-
titioned Bremer support. Furthermore, homoplasy is
generally low across all partitions. Therefore, the
assessment of phylogenetic utility can be confined to
the evaluation of sequence divergence, number of
informative characters, frequency of length mutations
and hotspots, as well as the phylogenetic structure R
(Quandt et al., 2003; Miiller et al., 2006) inherent in
each data partition.

The highest phylogenetic structure R, i.e. the high-
est average support per node, was observed in the
rpll6 intron, the ¢trnK intron and the matK gene.
These three markers are also characterized by the
highest percentages and absolute numbers of informa-
tive characters in our dataset. In general, the introns
and the matK gene provide more information than
spacers at this taxonomic level. The spacers are more
variable (both in nucleotide substitution as well as in
sequence length) but the percentage of informative
nucleotide and indel characters is similar or smaller
than in introns. This coincides with a lower overall
phylogenetic structure (R =0.65 in spacers vs.
R =0.82 in introns; Table 3).

However, a general conclusion on the phylogenetic
utility of spacers relative to introns cannot yet be
drawn here, because there can be considerable differ-
ence among differently evolving spacers. Transcribed
spacers, such as the petB-petD and the trnL-trnF spac-
ers in our analysis, are much more conserved than
nontranscribed spacers. Differences in information
content and phylogenetic utility exist also among the

introns investigated in our analysis. The introns in
trnL and petD, which have been shown to provide
valuable information in a broader taxonomic context
(i.e. the basal angiosperms; Borsch et al., 2003; Lohne
& Borsch, 2005), perform below average in Nymphae-
ales. Compared to other group II introns currently
used in phylogenetic analyses, the intron in petD
seems the most conserved of the chloroplast genome
single copy regions. It may thus provide a signal that
is particularly useful for reconstructing relationships
of more distant angiosperms (e.g. among families).
However, the present results on phylogenetic utility
might be influenced by lineage specific effects and gen-
eralizations will have to await studies in different
angiosperm clades. In fact, relative rates of molecular
evolution seem to be rather low in Nymphaeales com-
pared to other angiosperms (K. Miiller & A. Worberg,
unpubl. data).

The introns in trnK and rpl16, which are among the
best performing markers in our analysis, seem to be
generally more suitable within orders that represent
rapid radiations because they have been applied suc-
cessfully in previous comparable analyses (e.g. Renner
& Chanderbali, 2000, for rpl16 in Laurales; Miiller &
Borsch, 2005a, for trnK in Lamiales). The study of
Shaw et al. (2005) also revealed the rpl16 intron as
one of the more variable introns and showed the trnL
intron to be the most conserved among the four
introns studied (rps16, trnG, trnL and rpl16). In con-
trast to our results, Shaw et al. (2005) designated the
trnK-matK region as well as trnT-trnF as less phylo-
genetically informative than most of the 21 regions
included in their analysis, based on the relative
amount of potentially informative characters (i.e.
nucleotide substitutions, indels and inversions) pro-
vided by each marker. However, Shaw et al. (2005)
were searching for suitable markers for analyses at
infrageneric levels, which is a completely different
goal. The special patterns of molecular evolution in
the matK gene, that cause the high quantity of infor-
mation and high quality of characters compared to
other coding regions of the chloroplast region (Miiller
et al.,2006), are the reason for the broad utility of this
marker. The matK gene has been shown to be more
informative than any other single marker at higher
taxonomic levels (Hilu et al., 2003; Miiller et al., 2006),
and again in this phylogenetic analysis of Nymphae-
ales it was one of the most effective markers.

Our study adds another piece of evidence to the gen-
eral phylogenetic utility of noncoding and fast-evolv-
ing regions at higher taxonomic levels. Extreme
sequence variability and homoplasy is generally con-
fined to mutational hot spots, and therefore those
markers can easily be employed in investigations
including a broad taxonomic spectrum, often provid-
ing better resolution and support than rather slowly
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evolving genes. The increasing number of datasets
implementing noncoding and fast-evolving sequences
at higher taxonomic levels (e.g. Hilu et al., 2003;
Quandt et al., 2004; Borsch et al., 2005; Lohne & Bor-
sch, 2005; Qiu et al., 2005; see Borsch et al., 2005 for
review) confirm those markers as promising tools in
molecular phylogenetics.
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